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Milling Cutter Wear Monitoring 
Using Spindle Shaft Vibration 
Seoggwan Kim1 and B. E. Klamecki2 
With the intent of continuously monitoring cutting tool condition 
in intermittent machining operations in a benign manner, a 
noncontacting measurement system was assembled to measure 
spindle shaft torsional vibration. Spindle vibration was mea-
sured using an optical system and analysis of it in the frequency 
domain resulted in a measure of spectral power which corre-
sponded to amount of cutter wear. 
1 Introduction 
With specific reference to intermittent cutting operations such 
as milling, spindle motor current or power, cutting forces and 
machine tool vibration measurements have been used to monitor 
the progression of cutter wear. The emphasis is on tool vibration 
and much of the work related to the use of vibration measure-
ments has been concerned with signal analysis. 
Metha et al. (1983) showed that the vibration amplitude of 
a milling machine head changed as tool wear progressed. The 
change in the envelope (signal boundary) of the vibration signal 
was shown to be related to the amount of cutter wear in face 
milling by Steinhauz et al. (1984). Attempts have been made 
to more clearly identify cutter wear induced effects in vibration 
signals by signal decomposition. Pandit and Kashou (1982) 
used time series analysis techniques to separate tool holder 
vibration signals and concluded that the damping in the vibra-
tion of the tool holder was related to the amount of cutter 
wear. Jiang et al. (1987) showed that changes in the frequency 
composition of vibration signals were correlated with tool wear 
changes. Grieshaber et al. (1987) used the spectral density and 
spectral area of the vibration signal produced in milling to char-
acterize cutting edge wear and fracture. 
In order to identify elements of the cutting process, signal 
analysis must account for other effects such as instrumentation 
characteristics and cutting zone-to-sensor transmission path. 
Part of the rationale for the design of the measurement system 
described here was to minimize the instrumentation effects by 
using a noncontact system. Another goal was to minimize signal 
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path effects by measuring spindle motion very near the cutting 
zone. 
2 General Concepts and Measurement System De-
veloped 
The decision to measure torsional vibration was based on 
the elimination of the effects of spindle shaft bearings which 
influence transverse, but not torsional vibration. To make the 
measurement system nonintrusive and able to make measure-
ments near the cutting edge, an optical probe modulation 
scheme was used. 
The measurement system uses an incident laser beam split 
into two parts with each beam focused on the same spot on the 
machine spindle. Owing to the motion of the shaft, the reflected 
light is frequency shifted and the measured shift in frequency 
can be used to calculate shaft velocity. The type of measurement 
system described is usually called a Laser Doppler Velocimeter. 
Figure 1 shows two beams of light with velocity c, frequency 
/ and separated by an angle a incident on a particle moving with 
velocity, v. The direction of the particle motion with respect to 
the incident beams is given by the angles 4>i and </>(. An ob-
server, in this case a photodetector, is located at angle 4>2 to the 
direction of motion. The shifts in the frequencies of the incident 
beams due to the motion of the particle are 
A / = — (cos 4>i + cos <f>2), 
c 
A / ' = — (cos 4>[ + cos 4>2) (1) 
c 
which is a standard result, e.g., Drain (1980). The photodetector 
experiences an input at the beat frequency of the two beams 
given by 
A / - A / ' = — (cos 0, + cos <j>[) 
c 
= — sin (a /2 ) cos /? (2) 
Fig. 1 The differential Doppler technique used to measure spindle speed 
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-a 2-tooth tool, down milling, u=0.4mm/tooth, d=0.5mm, 330rpm 
-o 2-tooth tool, down milling, u=0.2mm/tooth, d=0.5mm, 330rpm 
-A 2-tooth tool, down milling, u=0.4mm/tooth, d=1.0mm, 330rpm 
-o 2-tooth tool, down milling, u=0.4mm/tooth, d=0.5mm, 750rpm 
•m 2-tooth tool, up milling, u=0.4mm/tooth, d=0.5mm, 330rpm 
-a 4-tooth tool, u=0.4mm/tooth, d=0.5mm, 330rpm 
Fig. 2 Spectral power ratio as machined length and flank wear increase 
with X the laser light wavelength, a = 4>[ — 4>i and [3 = { (<£, 
+ 4> I — 7r). This measured beat frequency was used to calculate 
spindle shaft velocity. 
An avalanche type photodiode photodetector was used to 
follow the Doppler signal. After amplification and filtering, the 
signal frequency was measured using a frequency counter. The 
measurement system was tested by measuring the free torsional 
vibration of circular shafts with varying diameters, lengths and 
boundary conditions. In the range of frequency of 1 - 4 KHz, the 
calculated free vibration frequencies and measured frequencies 
differed by at most 7 percent, (Kim, 1989). 
3 Results 
A series of end milling tests were run in which cutting forces, 
spindle shaft velocity and cutter flank wear were measured. 
Cold rolled, low carbon steel was the work material and all the 
high speed steel cutters used were 17.5 mm diameter. Type of 
cut and cutters, axial depths of cut, d, feed rates, u, and spindle 
speeds used in the cutting tests are listed ori Fig. 2. 
The torsional vibration is composed of two parts, a natural 
frequency vibration component and a forced vibration compo-
nent. The natural frequency of the spindle shaft was identified 
in an independent series of tests. 
Experimental observations showed two useful results regard-
ing the change of spindle vibration with cutter wear. One is 
that the forcing frequency spectral power increases with increas-
ing tool wear. The second result was that the spectral power 
associated with natural frequency harmonics did not vary in 
any clear manner with wear but probably depended on cutting 
conditions. The use of the ratio of these spectral powers exhibits 
a consistent increase in value with machined length (wear) for 
all the tests run as shown in Fig. 2. 
As a demonstration of in-process measurement of cutter wear, 
frequency spectra and spectral power ratio were continuously 
calculated during cutting tests. Using available PC hardware, 
512 point FFT spectra calculations required 250 milliseconds 
for data collection and 60 milliseconds of calculation time. Up-
dated power ratios were available approximately every one-
third second. Cutting was stopped at 5-meter machined length 
intervals and the cutter flank wear measured with a toolmakers 
microscope correlated very well with the power spectra ratio. 
4 Discussion 
This work is seen as making three contributions to machining 
process monitoring. One is the measurement and use of machine 
spindle shaft torsional vibration for process monitoring. Second, 
a wide bandwidth, noncontact system requiring no special in-
strumentation or equipment was assembled and shown to pro-
vide useful in-process measurements of spindle shaft vibration. 
Third, a quantitative measure of cutting edge wear based on the 
spectral power components of the vibration signal was shown 
to be correlated with cutter wear and to be relatively insensitive 
to changes in. cutting conditions. 
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Vibration Control of Redundant 
Flexible-Joint Manipulators 
Fengfeng Xi1 
Presented in this paper is a method for controlling vibrations 
of a redundant flexible-joint manipulator. The main idea behind 
this method is to utilize joint redundancy to minimize the change 
in the manipulator inertia, so that a simple gain-fixed control 
law can be used to control joint vibrations. For this purpose, 
two optimal joint trajectory generators are proposed; one is 
based on the extended Jacobian method and the other is based 
on an optimization technique. Numerical simulations are pro-
vided to demonstrate the effectiveness of the proposed control 
method. 
1 Introduction 
With increasing demands for high operation speed and high 
accuracy, the problem of controlling the vibrations of industrial 
manipulators due to joint flexibilities becomes important, as the 
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